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ABSTRACT

The boundaries of maximum possible arm reach for tasks on vertical instrument racks
‘ were determined on a stratified sample of twenty subjects, ‘when seated in a
‘standard office chair. The limiting effects of 3-1/2 inch‘thick service shelves,
varying in depth from 10 through 25 inches and in height from 27.9 to 30.1 inches,

wvere measured together with "optimum" seat height and leg clearance.

The 5th, 50th, and 95th percentile reach contours show that shelf depths greater
than 10 inches decrease arm reach, the smount being dependent upon shelf height.
Service shelf depth’vhen at the optimum of bheight of 28 inches, should not be
much greater than 20 inches if 95 percent of the operators are to reach a vertical

display beneath it,
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BACKGROUND

In designing optimum equipment arrangements, displays, and tasks for electronic
systems control centers, it is necessary to consider operator "arm-reach.” Arm’
reach is determined, for a given population, by the specific task to be performed

and the physical constraints of the task situation.

The tasks to be performed in a control center consist of monitoring a considerable
expanse of instrument racks arrayed in a wall-like display. Typically, the oper-

ator is seated in a common office chair which may be moved about at will.

These instrument racks are frequently provided with service shelves for writing

and support for miscellaneous instruments.

Since the task of monitoring such systems requires manipulating knobs, switches,
buttons and plugs on the face of the vertical instrument rack arrays, it 1s
important to know the maximum extent of the area of these racks within which the

operator can reach and perform such manipulative tasks.

The literature of human factors research does not provide this information --
neither do military systems design specifications. Accordinqu a study has been
conducted to determine the size and shape of the maximum area on the face of a
simulated vertical instrument rack within which seated operatora can see and per-
form instrument rack-type manipulations. Also, the effects which the presence of

service shelves has on this reach were determined.

Since, for a given body support, the height at which the operator chooses to
sit is an important determiner of arm reach, a study was also done to determine
both preferred seat height and the resulting leg clearances required beneath a

service shelf.
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8SCOPE

The operator-instrument rack relationship studied is shown schematically in

Figue 1. The important variables which affect arm reach are indicated.

©

Variables Affecting Reach!
\ l. ©Shelf depth
/

®

F AL ) L. Shelf thickness
L <
3

2. £Bhelf height
3. 8helf clearance

5. Operator sire

I o
I \ @ T. Body support

FIGURE 1. INSTRUMENT RACK/OPERATOR RELATIONSHIP STUDIED

|
|

Figures 2 and 3 shov the actual apparatus used to examine reach, and Figure & is

a lca.h‘draving of this apparatus.

Variables one through four define the service shelf. They were treated im this
study as follows:

1. Depth of Shelf -- Four shelf depths were studied: O (no shelf),

10 inches, 20 inches and 25 inches. The 10-inch shelf was 113 imches long
and the 20 and 25-inch shelves were 80 inches long (see Figure k). Tbese
lengths were necessary to prevent reaching around the ends of the shelves.

2. Shelf Height (Top Surface); snd 3., Shelf Clearance -« The 10, 20 and 25-

inch shelves were each tested at two heights above the floor: 27.9 inches
and 30.1 inches. The current Alr Force specification (1) of 30 inches as

the minimm height for the top of the work surface of a console led to the
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selection of the 30.1-inch height, even though numerous studies (2) have
shown that this is several inches above the most desirable height for a
seated work surface. The 25-inch deep shelf is shown positioned at 30.1

inches in Figure 3 and Figures 9 through 13.

The lower shelf position of 27.9 inches was determined by first estimating
minimum seated leg clearance beneath the shelf and then adding to this the
shelf thickness to be used. Anthropometric data on the static seated
posture (3) show that the 95th-percentile value of the distance from the
sole of the bare foot, flat on the floor, to the top of the knee is 23.3
inches. Allowing 1.1 inches for shoes (%), the minimm clearence for
accomnodating 95 percent of the expected operators in the static posture
was estimated to be 24.L4 inches. With the 3.5-inch thick shelf used in

this study, this dictated a minimum shelf-top height of 27.9 inches.

k. A shelf thickness of 3.5 inches was selected as the midpoint of the

three-to-four-inch range commonly used both for service shelves as well as

for office desk tops having center drawers.

The remaining variables affecting arm reach were treated thusly:

5. Operator Size -- Twenty male subjects were selected for this study

according to a stratified sampling procedure based upon the known distribution
of stature in the military population (3). This insured that the effects
of body'aize upon observed arm reach would be similar to the effects ex-
pected in the using or "model population" consisting of a mixture of civilian

and military instrument-rack operators.

It was assumed that there wquld be no difference in body size between the
military population and the model population. Stature was used as the sole

criterion of selection bacsuse it is the best single estimator (5) of those

:
S
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o._

body dimensions believed to primarily influence arm reach in this situation.

6. The task consisted of grasping a special knurled knob (shown in Figure 5)
in the right hand and pressing its base against a simulated instrument rack
as near a8 possible to numbered targets. These targets were arranéed at
15-degree intervals in a circle about a center or origin. The origin 1is
identified on Figures 2 through 4 by the symbol @ , and was located on the

similated rack 30.1 inches above the floor.

The reach targets were placed far enough out from the origin to preclude,
except in a few instances, being touched by the subjects. This was done to

insure a truly maximum effort in reaching.

Pigure 5 shows the knurled knob, which was fitted with a spring-loaded
pencil lead to leave a mark at maximum reach. The broad flange at the knob's
base was pressed against the simulated rack during reach. This regquired

28 ounces of pressure. In gripping the knob, the only constraint imposed

was that the thumb and at least one finger touch this flange.
Figures 6 through 8 show the type of knob grips observed in the study.

The order of reaching toward the target was controlled by the observers
and was indicated to the subject by verbal instructions and the use of a

pointer as seen in Figures 9 through 12.

The right hand was used throughout this study for simplicity and because

there is no significant difference between right and left-hand reach.

The subjects were encouraged to attempt to reach each target several times
since their reach to given target seemed to improve with experience. Of

the several resulting marks indicating maximum reach toward a given target,
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that which was farthest away from the origin was the one recorded.
It was required that the subjects be able to see the knob at all times.

Otbher than limiting performance to the right hand, only two artificial
constraints were placed on the subjects' bebavior in reaching the targsts.
These prohibitions were against:

a. BScooting forward in the chair from an initial position with the

buttocks well back in the seat

b. Rising out of the chair, either by pulling up on the shelves or

standing on the floor.

Figures 9 through 13 illustrate the relative freedom from constraint in
"technique” enjoyed by the subjects as well as the body postures observed

in reaching to the various quadrants of the simulated instrument rack. The
four shelf depths and two shelf heights were presented in a different order
for each subject in order to avoid consistent effects upon performance due
to learning, order interaction, or other extraneous factors. This balancing
plan is shown in the schematic below:

Ordeg of Conditions

Subjects 1-5 o 1 o 25"
(u,p) (o,u) (u,p)
Subjects 6-10 10" 25" o" 20"
‘ (U:D) (D,U) [ (“}D)

SBubjects 11-15 . 20" o" 25" 10"
(v,D) (p,v) (o,v)

Bubjects 16-20 25" 20" 10" o"

The letters D and U refer, respesctively, to the 27.9 and 30.l-inch shelf
heights.
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T. Body Bupport -- Reach was ﬁerforned by each subject seated at his

"mean preferred seat height." The seat consisted of a swiveling/tilting

office chair (Bteelcase, Inc., 1120 East 36th Bt., Grand Rapids, Michigen).

To facilitate vertical adjustment and limit lateral translational movement,

the chair was modified as shown in Figure 1L, The basiec chair was mounted
on a svivel atop & hydrsulic jack (Series R, Walter Mfg. Co., Racine,

Wisconsin) which in turn rested on a trolley. The trolley rolled on rails
fastened to the floor at right angles to the simulated instrument rack, as

shown in Pigure 4.

Limitation of translational movement to a plane perpendicular to the similated

rack provided a fixed origin sbout which to plot arm reach.

Tilting was eliminated for simplicity of design. It was found to have no

effect upon arm reach.

Seat height vas defined as the height of chair reference point above the
floor. Chair reference point (CRP) was defined as the marked (with tape)
midpoint of the bottom rear edge of the lowest cross brace on the back of

the chair and is shown in Figures 4 and 1i. "Mean preferred seat height"

vas determined for each subject prior to reach measurement in the following

manner:
a. The subject sat in the chair as shown in Figure 1k with buttocks

as far back as was comfortable for a relaxed but alert attitude.

b. The seat height was then adjusted to each extreme, 17.9 inches above

the floor to 12.1 inches above the floor, to acquaint the subject with

sensations associated with the extremes.

REVISED
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¢. The seat height was varied using the hydraulic jack and the subject
wvas asked to report when a height was reached vhich he felt would dbe
"comfortable" for prolonged sitting and yet which would allow convenient

movement of the chair-trolley combination along the tracks.

d. Five trials were then made to identify preferred height. In each
trial, the seat height was adjusted, starting from one or the otber
extreme and continuing in one direction without reversal, until the

preferred height was reached.

Ten subjects started from the high extreme and vwere successively
lowered, raised, etc., for five trials and ten started from the low
extreme and were raised, lowered, raised, etc., in that order. This

procedure tends to balance learning effects.

e. The results of the five trials of preferred seat height were
averaged to define the "mean preferred seat height? used by that

subject in performing the rack tasks.

The "minimum functional clearance” beneath a work surface such as a service
shelf was defined as the clearance necessary to provide Just uiaquate clearance
for leg flexing and chair movement for the operator vhen seated with the
chair reference point (CRP) adjusted to mean preferred beight. Figure 15
11lustrates the method of determining "minimm functional clearance? using
s thin, 17-1/2-inch x 18-inch plate, which could be veried in height above

the floor.

With the seat adjusted to his mean preferred seat height and the ankles
flexed (toes up), the subject moved the chair dack and forth on the rails.

The plate was gradually lowered until contact with the undersurface was Just

REVISED ' SOoOENG | VO NO p2-90549
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noticeable to the subject. This plate height was defined as "minimm

functional clearance” for the subject.

Preliminary tests showed that flexing the ankles was s convenient as well

as easily reproduced way of insuring that resulting "functional clearance”

would be sufficient to allov minimm leg movement for moving the chdir

about as well as for "squirming” during prolonged sitting.
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A. Right-Handed Arm Reach

The quantitative results of the effects of shelf depth and shelf height on
maximm arm reach for the task of simulated knob turning are summarized in
the fallowing numbered sheets, each of which collects the results of a unigue

combination of shelf depth with shelf height:

Shelf Depth
o" ‘ Sheet 1
Shelf Height Above Floor
27.97  30.1m
10" Sheet 2a Sheet 2b
20" Sheet 3a Sheet 3b
25" Sheet ha Sheet b

On each sheet, ‘three contours or boundaries of arm reach are shown. The middle
one, labeled "SOth", is the statistical average or mean contowr vhich is inter-
Preted as the limits at or beyond which only 50 percent of the operators can
perform the task. A task such as the one tested and located insids (1i.e. toward

the origin) this boundary can be performed by at least 50 percent of the operators.

The ocuter contour, labeled "95th", is the 95th-percentile boundary. Only 5
percent of the operators can perform the task at or beyond this econtowr. Conversel
it is expected that about 95 percent of the operators can perform the task only

if it 1s located inside this boundary.

The inner contour, labeled "5th", is the Sth-percentile boundary. At least 95
percent of the operators can perform the task if it is located on or within this
boundary. About 5 percent of the expected operators cammot even reach to this

contour.

£
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Above the shelves in Sheets 3a through b the average as well as 5th and 95th-
percentile contours were computed as a function of the mean and standard deviatiom
after investigation showed that the data allowed normal (Gaussian) parametrie

statistical treatment. A heavy line is used to show this.

There are areas beneath the table, however, vhere the data are a mixture of
nunerical and go, no-go measurements. Here, the mean and the percentiles were
determined directly by rank order. A lighter line is used to show this. Design
decision based upon the areas enclosed by these light-lined boundaries should dbe
conservative to allow for the more uncertain nsture of such non-parametrie (no

mean or standard deviation) estimates.

In general, changing shelf dspths and heights produced consistent as well as
characteristic qualitative changes in arm reach. In the absence of a shelf
(Sheet 1), and in the presence of a 10-inch shelf (Sheets 2a and 2b), the reach
boundaries are generally smooth and elliptical in shape. With shelf depths

greater than 10 ixiches this regularity of contour is seen only above the shelf.

Below it the boundaries become quite irregular. In fact, the Sth-percentile
boundary disappears altogether in the presence of a 25-inch shelf placed in the

low position (Sheet La: 27.9 inches above floor).

This irregularity is only partly caused by the uncertainties associated with
direct estimate of percentiles. Arm reach beneath the table in the presence of
the deeper shelves really is irregular because ~1£ is quite difficult to reach
under the deeper shelves to both see and manipulate a control kncb. This is
particularly so with the deeper shelves in the lower (27.9 inches) position
(Sheets 3a and La). |

Arm reach with the right hand is llightlygreatertotheleftotthoorimm
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1.

2.

to the right. The amount -- about 1/2 to 3/b inch -- although consistently

obiemd, is not significant.

The more specific effects of varying shelf depth and height are best illustrated
by comparing the mean (50th) bowmdaries of the seven test conditions. This is

done graphically on Sheet 5 and reveals that!

arm reach than does varying shelf height between 27.9 and 30.1 inches.

'b. The change from no shelf to a 10-inch shelf reduces arm reach

Increasing shelf depth from O to 25 inches causss greater changs in

Shelf Depth

a. Boundaries of mean (50th) arm reach decrease both above and below
the sbelf as shelf depth increases. In terms of radial distance from
origin, the decrease is from 10 to 16 inches above the shelf but from
18 to 50 inches below the shelf.

radially from 1 to 4 inches. This is negligible when compared with the
decrease of 5 to 11 inches which results from changing from a 10-inch
shelf to a 20-inch shelf, or the decrease of I to 24 inches caused by

changing from a 20-inch to a 25-inch shelf.

c. Increasing shelf depth takes its greatest toll of arm reach beneath the
shelf. This is particularly spectacular in the area to the right of the

origin, vhere the decrease in arm reach can be as much as 50 inches.

Shelf Height

a. The effect of variation in shelf height upon arm-reach boundaries
above the shelf is just the opposite of the effect below the shelf. That
1s, boundaries of arm reach decrease slightly (O to 2 inches) above the

shelf when it is raised to 30.1 inches from 27.9 inches, but increase

(0 to 23 inches) below the shelf,
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b. The effects upon arm-reach boundaries caused by variation in shelf
height are quantitatively different for different shelf depths. FYor
instance, there is no difference in arm reach between the 27.9-inch
and 30.1-inch shelf heights in the case of the 10-inch shelf. With

the 20-inch shelf, however, lowering it to 27.9 inches causes a O to
1-inch increase above the shelf, but a 2-1/2 to k-inch decrease below
it. Lowering the 25-inch shelf causes an even greater change: a small
mcreaae of 1 to 2 inches above the shelf but a O to 23-inch decrease
below 1t,

c. It is of interest to note that for a given shelf depth the effects
upon arm-reach boundaries are greater beneath the shelf than above it.

This is moqt pronounced in the lower right-hand quadrant.

-

While it is best to comprehend these effects in terms of such a highly atable
estimator of central tendency as the mean, design for reliability must also
be based upon the variability of individuals about the mean. This variability
is, like the mean itself, also affected by changes in shelf depth and shelf
beight. The usual measure of variability is the standard deviation ,from
vhich is derived an estimate of vaeriasbility which is more useful in design.
This is the spread or band width between S5th and 95th-percentile contours
shown on Sheets la through Ub. Inspection of these band widths shows that
with regard to the effects of shelf depth:

o The bandwidths above the shelf increase slightly but not significantly
with increasing shelf depth.

e The bandwidths below the shelf increase markedly with increase in
shelf Qdepth.

With regard to the effects of shelf height:
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e For a given shelf depth, the bandwidth above the shelf is not affected by
changes in height.

o For the 20 and 25-inch shelf depths (Sheets 3a through ib), the bandvidths
below the sbelves are markedly greater at the 27.9-inch height than at
tbe 30.1-inch height. In contrast, the bandwidth is unaffected by ehanges
in 10-inch shelf height.

The 5th-percentile arm-reach contours have special significance in applying the
results of this study to systems design. Military design and procurement specifi-
cations (1, 6) emphasize that equipment shall be designed to allow at least 90~
and preferably 95 percent of the prospective operators to perform adequately.

Put into a reliability framework, the design should be such that it is 95 percent
certain that the population of potential operators will be able to perform tasks
adequately.

Design of instrument-rack tasks similar to that studied and which require "maximnm"
reach capability will be based, therefore, on those reach contours which define

the area within wvhich 95 percent of the operators can reach. These are the areas
enclosed by the Sth-percentile contours which are conpared on Sheet 6. These
contours are called Sth-percentile because only 5 percent of the expected popula-
tion have ahort;?r reaches than this. They can equally well be called 95 percent
reliasbility conﬁmn'a because 95 percent of the expected population can reach at
least to these boundaries.

8ince the 5th percentile is computed from the mean and standard desviation (cxcept
vhere noted by a thinner 1line on Shests 3a through Ub), it is not surprising that
essentially the same effects of shelf depth and height are noted on Sth-percentile
reach contours as are seen on the mean contours, i.e. decreass in reach with

increase in shelf depth, decrease in reach above shelf with increase in shelf
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height but increase below shelf, effects mmch greater below shelf, arm reach

slightly greater to the left than to the right, ete.

It should be noted that there is no Sth-percentile contour when the 25-inch
shelf is positioned 27.9 inches above the floor. This means that there is no
place on a rack beneath such a shelf where a control can be located and still have

a 95-percent chance of being seen and actuated.

B. Body Size, Preferred Seat Height and "Fumctional Clearance”

Insofar as height and weight indicate overall body size, our test sample satis-
factorily represents the expected or'model’population of users. Using the mean
(average) as an index of éentral tendency and the standard deviation as an index
of variability about the central tendency, Table I shows a favorable comparison
with the model of the using population. Fifth and 95th percentiles are also given.
The mean heights differ by only 0.05 inch and the corresponding standard devia-
tions, by only 0f12 inch. Because subjects were selected on the basis of height,
this is not surprising -- it merely shows that the selection procedure was

successful.

Weights, althouéh not controlled in the selection, also correspond rather well,
the test sample kubJects being on the average about 5.1 lbs. heavier than members
of the model population. Individual variability is somewhat less in the test
semple than that expected in the model population, the standard dsviation of the
‘test group being k.13 pounds less. These slight differences in height and weight
paramaters betwsen the test sample and the modsl population are not statistically
significant. Therefore, the armm-reach data should, insofar as body size affects

them, be adequately representative of the arm reach of the model poyulation.
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TABLE I

COMPARISON OF TEST SAMPLE AND USING POPULATION
BODY SIZE AND BUMMARY OF SEAT-HEIGHT AND CLEARANCE RESULTS

» » Functionel
Stature Weight Preferred Tabls

Test Sample Model' Test Bample Model! BSeat Beight Clearance
Mean 69.16 69.11 168.8 163.7 - 13.34 23.70
Standard Deviation 2.56 2.4 16.73 20.86 0.68 0.76
I5th Percentile 64.95 65.2 141.28 132.5 12.22F 22.145
95th Percentile 73.37 T3.1 196.32 200.8 1.6t 2h.9%

#* No significant difference between stuldy subject group and model population
either in means or standard deviations. ‘

+ Reference (3).
# Adjustment rengs of a standard office chair such as Steelcase is: 11.2
to 15.h4.

There are no data on preferred seat-height adjustment ,vbeq seated in an office
chair, for the model population. Therefore, it must be assumed that insofar as
seat adjustment affects arm reach the arm-reach data of this study reflect the
effects of seat-height adjustment in the using population. Mean and standard
deviations together with 5th and 95th percentiles of seat-height adjustment and

associated "functional clearance"” are given in Table I.

It is interesting to note that a Steelcase office Qhair has a height-adjustment
capability of 3.2 inches, that is from 11.2 to 15.h4 inches above the floor in
terms of the chair reference point. Table I shows, however, that 90 percent of
the expected users in the model population would be adequately accomodated by
an adjustment range of no more than 2-1/h inches, that is from 12.22 (5th percentile]
to 14.h6 (95th percentiie) inches. In fact, an adJusvmnt range of no more than
2.7 inches is required to comfortably asccommodate over 95 percent of the expected
users in the model populationm.
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It 1s also of interest to note how well initial predictions for minimum shelf-
height clearance were validated by the results of "functiomal clearance” measure-
ments. These shov that the bottom of a shelf can be no lower than 24.94 inches
abeve the floor if 95 percent of the expected users are to have adequate
"functional clearance” beneath it. This tends to validate the selection of

27.9 inches as the minimm height for the top of a 3-1/2-inch thick shelf. Buch

a shelf would thus provide 27.9 inches - 3.5 inches, or 2ui.4 inches of clearancs.

This is one-half inch less than seems desirable for "functional clearance” as
defined but would yet allow the lower extremity to fit under it. Raising such a
3-1/2-1inch thick shelf the indicated 1/2 inch would provide adequate “"functional
clearance” for 95 percent of the users and would place the top surface of the
shelf only O.h;inCh higher than 28 inches, tbhe most desirable shelf-surface
hetght (T 8),
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" CONCLUSIONS

The boundaries of maximm arm reach for knobd twning with the right hand, on a

vertical instrument rack, are shaped somewhat like flat ellipses turned om their
sides.

Arm reach to the left is slightly greater than to the right.

4

+
The presence of a shelf on the rack face decreases reach. If maximum arm reach
is a oritical factor and yet a shelf is necessary, there will be little reduction -
in arm reach if shelf depth is limited to 10 inches.

In terms of maximm arm reach, it makes little Adifference vhether such a shallow
shelf is locatod‘27.9 inches or 30.1 inches above the floor. In terms of the
mitability of the shelf per se, past research shows the lower height to be more
satisfactory of the two tested.

The underneath surface of a shelf should be no closer to the floor than 25
inches, regardless of its depth, if 95 percent of the using population is to be

afforded minimm functional c¢learance bensath it.

If the top of s 3-1/2-inch thick shelf is positioned at about 27.9 inches above
the floor, the depth of this shelf may be more thsn 20 inches but must de less
than 25 inches if 95 percent of the operators are expected to see and twist a
knodb located beneath it.
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RECOMMERDATIONS

It is recommended that the Sth-percentile contours of mstnxhoxit-rack arm roach
shown on Sheet 6 be taken as the absolute maximm capability (at the 95-percent
reliability level) for a seated position such as studied. Whbere a standard office
chair is to be used which is free to move laterally, this would be a band of L
infinite 1imits to the right and left across the rack and whose height above and
belovw the origin would correspond to the maximm vertical (up and/or down) limits

shown for the appropriate shelf depth and height on Sheet 6.

It 1s strongly recommended that routine rack tasks which are repetitive or criti-
cal be located well inside these limits to avoid poor performance or excessive

fatigue in the operator. The limits shown are the result of maximm effort. They

are not optimum!

It 1s recommended that discretion be used in the application of these data, The
results of this study are most accurately descriptive of performance in situations
closely resembling those simulated in the study, 1.e. office chair, 3-1/2-inch
thick horizontal shelves, simple vertical display surface. Arm-reach data are
strongly dependent upon the task to dbe performed, dbody support used and obstruc-
tions encoxmteréd. Uncritical application of these data to complex ccansoles, for
example, those which have variously oriented display surfaces and a tilted "shelf,”
together with stringent read-out requirements, would be a great mistake if one

wished a realistic estimate of operational adequacy.

In such instances, it would be far more reliable to get "quick-and-nasty” esti-
mates from say, two subjects (one at the 5th percentile in stature and cne at

the 95th) using a cardboard mock-up of the proposed design. Also, it should be
.| cautioned that these data may not be valid where actuating forces are different

from those tested (O ounces for torque, 28 owmces for contact force). In line
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with this wvarning as to the limitations of the data, three aress are recowmsnded
for further study:
1. Am reach on cowmplex console-type display surfaces.
2, A reach for actuation tasks involving the current and/or suggested
range of forces encountered on knobs, switches, buttons and selectors.
3. Development of a statistical model for analyzing the significance of

those rack and console-design parameters which seem to affect arm reach.

It is further recommended that seated work surfaces be no higher than 28 inches

above the floor and be as thin as structurally possidble, to provide adequate leg

clearance.
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